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a b s t r a c t

Background: Though mass spectrometry (MS) assays are increasingly used for routine clinical measure-

ments of serum total testosterone (TT), information about the variability of results is limited. This study

assessed the variability of TT measurement results from routine MS assays.

Methods: Twenty serum samples (12 females, 8 males) were analyzed on 2 days by seven high perfor-

mance liquid chromatography (HPLC), and one gas chromatography (GC)–tandem mass spectrometry

(HPLC–MS/MS, GC–MS/MS) assays. Two samples (male and female) were provided in five replicates to

assess the within-run variability. Results were compared against those obtained at National Institute of

Standards and Technology (NIST). The within- and between-laboratory variability was assessed for each

sample. Comparisons to the NIST results were performed using bias plot and Deming regression analysis.

Results: The overall coefficient of variation of the results obtained with MS assays was <15%CV at

>1.53 nmol/L and <34%CV at 0.3 nmol/L. The between-assay variability was the major contributor to the

overall variability. The assay precision was the highest (<3%CV) with assays using liquid–liquid extrac-

tion for sample preparation or GC–MS/MS. The mean percent difference to the reference assay was 11%.

The slopes of Deming regression analysis of the MS assays were between 0.903 and 1.138 (correlation

coefficient: >0.996). TT concentrations for one assay were above the measurement range.

Conclusions: The variability of TT measurement results among MS assays is substantially smaller than that

reported for immunoassays. The type of sample preparation may affect assay precision. Standardizing

assays can further reduce the variability of measurement results.

Published by Elsevier Inc.

1. Introduction

Testosterone affects major biological functions. The type and

magnitude of the effects are highly dependent on the concentration

present in the target organs. Measuring circulating testosterone

concentrations either as total or in non-protein-bound (free form)

� Disclaimer: The findings and conclusions in this report are those of the author(s)

and do not necessarily represent the views of the Centers for Disease Control and

Prevention.
∗ Corresponding author. Tel.: +1 770 488 4191; fax: +1 404 683 2467.

E-mail address: HVesper@cdc.gov (H.W. Vesper).

is used as a surrogate for target organ concentrations when inves-

tigating androgen status in children and adults of both sexes and

for monitoring testosterone therapy as described in many position

statements, recommendations and clinical guidelines [1–6].

Testosterone is commonly measured by direct immunoassays

on automated, multipurpose clinical analyzers. The performance of

immunoassays was examined in several studies [7–13]. These stud-

ies have revealed problems related to accuracy, precision, specificity

and sensitivity, especially at lower concentrations commonly

observed in women or children. Several expert panels expressed

concerns about the reliability of platform-based immunoassay,

especially at these low testosterone concentrations. Similarly, inac-

curacies in the direct assays for free testosterone have led expert

0039-128X/$ – see front matter. Published by Elsevier Inc.
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panels to recommend against the use of these direct analog assays

for free testosterone [6,7,13–23]. This situation profoundly ham-

pers progress in research conducted on androgen-related disorders

and limits the translation of existing research findings into clinical

practice that would help improve patient care and disease preven-

tion. Researchers and professional societies such as the Endocrine

Society have suggested the need to standardize testosterone mea-

surements to overcome these problems.

Mass spectrometry (MS)-based methods have specificity, sen-

sitivity, and accuracy that seem to overcome the limitations

observed with immunoassays and have therefore been recom-

mended, especially for assessing testosterone concentrations in

women and children [14,24,25]. Initial MS assays used gas chro-

matography coupled with mass spectrometry and were developed

as reference methods [26–30]. However, the specimen require-

ments and sample throughput of these reference methods are not

suited for routine clinical measurements. More recently, meth-

ods using high-performance liquid chromatography coupled with

tandem mass spectrometry (HPLC–MS/MS) have been described

and can be automated to provide high sample throughput in

routine clinical measurements [31–37]. Current MS assays are

developed, optimized and validated in-house using different pro-

cedures, instrumentation, reagents and calibrators. This can lead

to differences in individual assay performances and in limitations

when comparing results. Only a few studies assessed the accuracy

of pairs of MS-based methods and found good agreement between

methods [32–38]. The results from the most recent comparison

study suggested that agreement and performance can further be

improved through standardization [38].

The Centers for Disease control and Prevention (CDC) is currently

working with the Endocrine Society, the American Association for

Clinical Chemists, the American Association of Clinical Endocrinolo-

gists, the College of American Pathologists, and other organizations

and institutions to standardize and improve steroid hormone mea-

surements. As part of this effort, we investigated the variability of

results obtained with different MS-based assays that are currently

used for research and routine clinical testosterone measurements.

2. Experimental

Eight commercial and research laboratories participated in

this study. Seven laboratories used high performance liquid chro-

matography tandem mass spectrometry (HPLC–MS/MS) assays and

one gas chromatography tandem mass spectrometry (GC–MS/MS)

assay. The basic characteristics of the assays are summarized in

Table 1. The measurement results were compared against those

obtained using the HPLC–MS/MS reference method performed by

the National Institute of Standards and Technology (NIST). This

method employs an extensive sample preparation consisting of a

liquid–liquid and solid phase extraction, has a recovery of 100%

and a within-run and between run imprecision of <1%CV [30]. This

method is acknowledged by the Joint Committee for Traceability

in Laboratory Medicine (JCTLM) as reference method. All results

were converted to nmol/L and ng/dL units. The reference labora-

tory reported results in ng/g serum this unit was converted using

an average density of serum of 1.02 g/mL.

Two sets of 30 fresh-frozen, blinded serum samples (1.2 mL each)

were sent on dry ice to the laboratories. The samples were derived

from 8 men (age range: 36–67 years) and 12 women (age range:

22–74 years). The participants were asked to analyze each set for

total testosterone (TT) on different days with each run having its

own calibration.

In each set of samples, two (TT concentration as reported

by the NIST laboratory: 10.30 nmol/L [297 ng/dL] and 0.29 nmol/L

[8.47 ng/dL], respectively) were provided in five replicates to

assess the within-run variability. The average within-run variability Ta
b
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observed in both samples on 2 different days (n = 10 laboratory/per

laboratory), expressed as %CV, was calculated using the pooled esti-

mates of variance. The variability of individual results across assays

(overall sample variability) reported for the same sample was cal-

culated and expressed as %CV.

To assess the recovery of the assays, three samples were pre-

pared by mixing a pool from a woman with the pool from a man

in different ratios (75/25, 50/50, 25/75, v/v). The pools and mixed

samples were added to each set. The recovery was calculated as the

percent ratio of the measured and expected value. The difference of

each assay to the NIST assay was determined by using the mean val-

ues obtained for each sample and by performing percent bias plot

and weighted Deming regression analysis. The absolute value of

the percent difference from each method was used to calculate the

average percent difference of the methods to the reference method.

3. Results

The specific procedures used for measuring total testosterone

in the serum samples were different for all assays (Table 1). Two

laboratories reported using liquid–liquid extraction for sample

preparation while all other laboratories used some form of solid

phase extraction (off-line or on-line). Two laboratories performed

protein precipitation prior to solid phase extraction. Five differ-

ent sources of calibrators (Sigma, Steraloids, U.S. Pharmacopeia,

Cambridge Isotope Laboratories, Inc., National Metrology Insti-

tute of Australia) and four different sources of internal standards

(Sigma, CDN, Steraloids, Cambridge Isotope Laboratories, Inc.) were

reported. All internal standards had deuterium as stable isotope

label with the number of deuterated atoms ranging from two to

five. Three laboratories reported using confirmation ions.

Fig. 1. Mean, standard deviation, minimum and maximum testosterone concentra-

tions for each sample reported by MS assays (upper panel: samples ≤3.47 nmol/L

(100 ng/dL) and lower panel samples >3.47 nmol/L).

Fig. 2. Variability in individual testosterone results on individual samples performed

with mass spectrometry assays.

The testosterone measurement results reported for each sam-

ple by all MS assays are summarized in Fig. 1. They ranged

between 0.17–2.98 nmol/L (5–86 ng/dL) and 5.55–39.67 nmol/L

(160–1,144 ng/dL) for female and male samples, respectively.

The average ratios between highest and lowest reported con-

centration for samples with TT > 3.47 nmol/L (100 ng/dL) and

TT ≤ 3.47 nmol/L were 1.4 (range: 1.3–1.6) and 2.3 (range: 1.4–5.4),

respectively. For assay 8, results from four samples were above

the reportable range. Results from all participating laboratories

were reported in four different units (pg/ml, nmol/L, ng/dL, and

ng/g).

The overall coefficient of variation of the MS assays was <15%CV

for concentrations ≥1.53 nmol/L (≥44 ng/dL) and increased up to

33%CV at lower concentrations (Fig. 2). The within-run variabil-

ity at 10.30 nmol/L (297 ng/dL) and 0.29 nmol/L (8.47 ng/dL) ranged

between 1.40–11.36%CV and 2.52–25.58%CV, respectively (Table 2).

Assays 5 and 8 were most precise and had a within-run impreci-

sion that appears independent of the analyte concentration. The

between-assay variability was the major contributor to the over-

all variability. However, at concentrations less than 5.0 nmol/L

(144 ng/dL), the within-assay variability was also an important con-

tributor to the overall variability.

The absolute values of the percent differences between the

assays and the reference method were in average 11.4% (range of

absolute values: 2.1–19.2%) (Fig. 3). They were smaller for concen-

trations >3.47 nmol/L (100 ng/dL) (average 7.5%, range of absolute

values: 1.70–16.8%) than for concentrations ≤3.47 nmol/L (average:

15.5%, range of absolute values: 2.0–25.3%). The dispersion of data

as indicated by the 95% confidence interval is higher at concen-

trations ≤3.47 nmol/L (100 ng/dL) as compared to concentrations

>3.47 nmol/L (Table 3).

Weighted Deming regression analysis gave slopes ranging

between 0.903 and 1.138. The slopes were significantly different

Table 2
Mean within-run imprecision of serum testosterone measurements determined on

two samples measured in five replicates per sample on 2 different days.

Sample A 0.29 nmol/L

(8.47 ng/dL) (%CV)

Sample B 10.30 nmol/L

(296 ng/dL) (%CV)

Assay 2 13.13 3.38

Assay 3 17.75 9.62

Assay 4 25.58 11.36

Assay 5 2.52 1.74

Assay 6 17.65 2.55

Assay 7 BR 1.40

Assay 8 2.67 2.19

BR: below reportable range.
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Fig. 3. Percent difference plot of mean results obtained on individual samples between individual assays and the reference method. Dashed lines: 95% limits of agreement.

from one in 6 assays, indicating proportional bias in these assays.

The intercepts ranged between −0.053 and 0.107 nmol/L (−1.518 to

3.081 ng/dL) and were significantly different from zero in 4 assays,

indicating a constant bias in these assays (Table 3). The correla-

tion coefficients were >0.996 for all assays. The average recoveries

calculated from samples mixed at different ratios ranged between

96.5 and 103% except for one assay that had an average recovery of

136%.
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Table 3
Weighted Deming regression and bias plot analysis comparing laboratory results against those from the reference laboratory (assay 1).

Weighted Deming regression analysis Percent bias plot analysis

Intercept (nmol/L) (95%CI) Slope (95%CI) Correlation

coefficient

Overall mean bias

(95%CI)

Mean bias at TT > 3.47 nmol/L

(95%CI)

Mean bias at TT ≤ 3.47 nmol/L

(95%CI)

Assay 2 −0.048 (−0.090 to −0.007) 0.903 (0.871–0.935) 0.9997 −14.1 (−18.3 to −9.9) −10.5 (−13.6 to −7.3) −17.8 (−25.7 to −9.9)

Assay 3 0.107 (0.070–0.144) 1.001 (0.940–1.062) 0.9963 9.9 (3.3–16.6) 1.7 (−4.8 to 8.2) 18.2 (8.2–28.2)

Assay 4 0.021(−0.087 to 0.129) 1.082 (1.018–1.146) 0.9994 10.1 (5.0–15.3) 9.6 (6.6–12.6) 10.7 (−0.3 to 21.6)

Assay 5 −0.053 (−0.069 to −0.037) 0.974 (0.956–0.991) 0.9998 −7.4 (−10.5 to −4.3) −2.3 (−3.4 to −1.1) −12.6 (−16.6 to −8.7)

Assay 6 0.058 (−0.033 to 0.149) 1.138 (1.088–1.189) 0.9997 19.2 (8.2–30.2) 16.8 (15.0–18.6) 21.6 (−2.5 to 45.8)

Assay 7 0.093 (0.073–0.113) 1.086 (1.074–1.097) 0.9999 17.2 (12.4–22.0) 9.1 (8.3–9.9) 25.3 (19.1–31.5)

Assay 8 −0.001 (−0.015 to 0.013) 0.98 (0.961–0.998) 0.9998 −2.1 (−4.8 to 0.6) −2.2 (−3.4 to −1.0) −2.0 (−7.0 to 3.0)

4. Discussion

We assessed the variability of serum TT measurements obtained

with routine MS assays using samples from both men and women.

The methodologies used by the participating laboratories are

the most commonly used sample preparation procedures and

chromatography–MS technologies for TT measurements. The TT

concentrations of the samples used in this study cover the norma-

tive range reported for TT in both men and women [35].

The lowest TT concentration in the sample provided

(0.29 nmol/L [8.47 ng/dL] by the NIST assay) was close to the

lower end of the calibration curves for some assays. Another assay

was unable to quantitate elevated TT concentrations commonly

observed in men. These findings show that MS assays cover differ-

ent concentration ranges and therefore should not be assumed to

be applicable for all concentration ranges needed for clinical and

research applications in men, women, and children.

The variability of measurements reported from individual sam-

ples by all laboratories is surprisingly small for concentrations

>3.47 nmol/L (100 ng/dL) considering the diversity of procedures,

calibrators, and technologies used by the participating laborato-

ries. This variability is substantially smaller than the variability

reported among immunoassays [39]. The variability increases at

lower concentrations commonly observed in women. This increase

in variability does not improve greatly when excluding individual

assays with high imprecision indicating that the overall variability

at this concentration range is being contributed by all assays.

The inter-assay variability is the major contributor to the over-

all variability found in this study, especially at concentrations

commonly observed in men. The within-assay variability only con-

tributes a very small fraction to the overall variability at this

concentration range indicating that different calibrations and sam-

ple preparations performed by the same laboratory are consistent.

Additionally, assay imprecision becomes an important contributor

to the overall variability at concentrations commonly observed in

women.

The reasons for the increased imprecision at low TT concen-

trations are unknown. The presence of interfering substances in

serum at low concentrations was reported on individual samples

[32]. This occurrence may significantly affect precision and prevent

reliable HPLC–MS/MS measurements. The effect of such interfering

substances would result in different recoveries at different con-

centrations and in poor agreements among methods. However, the

observed recoveries and between-method agreements do not indi-

cate major problems with interfering substances. A more specific

interference test would be required to confirm the presence of inter-

fering compounds. Another study suggested that phospholipids can

cause ion suppression and thus affect method performance [35].

The authors stated that this problem can be minimized by using

liquid–liquid extraction with a highly non-polar solvent. The fact

that the highest precision at both low and high concentrations is

observed with assays using liquid–liquid extraction and with the

GC–MS/MS assay where phospholipids do not interfere with the

MS measurements seem to support this hypothesis. The laborato-

ries reported results rounded to different decimals (from none up

to three decimals). These differences can affect the calculated preci-

sions, especially at low concentrations. Thus, the higher imprecision

at low TT concentrations with some laboratories can be explained

in part by differences in rounding of results.

The comparison of the individual assays to the NIST assay found

significant mean differences of 10% or less for most methods, which

is much smaller than those reported between immunoassays and

MS assays [7,8,14]. Weighted Deming regression analysis found high

correlations for all MS assays and small, but significant differences

in slopes and intercepts for most assays. This could be explained,

in part, by the use of different calibrators or calibrator prepara-

tions. Applying common calibrators may easily solve this problem.

The mean differences between the investigated assays and the NIST

assay are similar to those reported in other MS assay comparison

studies [35,38]. However, the range of differences in mean percent

and in slopes and intercepts of the weighted Deming regression is

wider in this study than in a prior one [38]. Similarly, the within-

run precisions of individual assays, especially at low concentrations

are less consistent with the assays previously investigated com-

pared with those reported in this study. These findings show that

the performance of MS assays differs by laboratory and needs to be

controlled and standardized.

This study included two samples with total testosterone val-

ues of 10.30 nmol/L (297 ng/dL) and 10.37 nmol/L (299 ng/dL) as

determined by the reference assay, which are close to the cut

point for androgen deficiency in men of 10.40 nmol/L (300 ng/dL)

as stated by the Endocrine Society guideline [1]. The ranges of indi-

vidual results reported on these samples were 5.55–12.21 nmol/L

(160–352 ng/dL) and 6.86–12.62 nmol/L (198–364 ng/dL). The val-

ues from three assays (assay 4, 5, and 8) differed from those

determined with the reference method by less than 5% and assay 6

by more than 14%, which is the total error limit based on biological

variability [40]. These data indicate that some of the investigated

MS assays can distinguish between normal and androgen deficient

men even when values are close to the stated cut point.

According to Westgard [40], the allowable precision for TT assays

should be 4.7%. Five assays (assay 2, and 5–8) would meet the pre-

cision criterion at 10.30 nmol/L (297 ng/dL) and two assays (assay

5, 8) at 0.29 nmol/L (8.47 ng/dL). The fact that some assays do meet

this precision criterion at low as well as high TT concentrations

indicates that the recommended precision can be met and assays

not meeting this criterion can be improved. These criteria are based

on the between- and within-subject variability and are calculated

from data sources that used immunoassays to determine the bio-

logical variability. More data on biological variability obtained with

new precise and accurate assays are needed to better define perfor-

mance criteria based on biological variability.

The variety of units used to report testosterone results in this

study indicate the need for harmonizing procedures to facilitate

comparison of results across systems and to minimize errors during

unit conversion.
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In conclusion, the measurement results obtained by using the

investigated MS assays show better comparability as compared

to results obtained with different immunoassays especially at

concentrations commonly observed in men [7,8,14,39]. Thus the

applicability of the assays for specific clinical or research questions

is not uniform across assays. Improvements in the performance

of MS assays appear achievable through assay standardization

activities such as provision of common calibrators, accuracy-based

external quality assurance programs and other activities directed

towards achieving a certain standard assay performance. There-

fore, the standardization activities performed by CDC will address

these issues and will include MS assays as well as immunoassays.

Improvements of individual assays as a result of this study have

already been made by some laboratories such as widening the mea-

surement range to be able to measure samples with high TT content

or using of confirmation ions to increase the assay specificity (per-

sonal communications).
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